also advantageous to construct deterministic or stochastic models of the biological processes involved.
This present study considers only compartment (1) (Fig. 1) of the life cycle, namely the adult parasites in the fish host, the bream (Abramis brama) and attempts to identify the biological parameters controlling the population dynamics of the parasite. These were investigated by sampling natural populations of Caryophyllaeus laticeps and Abramis brama and recording changes in size and structure of the host and parasite populations. The sample data were used to examine the statistical distribution of the parasites within their hosts, seasonal variations in population size and structure and factors controlling the immigration and death of the parasites. The spatial distribution of the intermediate host was also examined in connection with the immigration of infective larval parasites into the adult parasite population in the final host. Previ'ous work on the ecology of the adult Caryophiyllaeus laticeps and closely related species has primarily been of a qual'itative nature but does provide valuable informat'ion on the life cycle and population biology for comparison with this present study (Kulakowskaja 1962 (Kulakowskaja , 1964 Kennedy 1968 Kennedy , 1969 .
METHODS
Each month during the period February 1969 to January 1970 inclusive a minimum of thirty fish were netted in an old gravel pit near Dagenham in Essex and examined for helminth parasites. This minimum sample of thirty consisted of random samples of five fish taken from each of six age-groups. Fish in their first year of life were placed in the 0 + group, fish in their second year of life in the 1 + group and so on. The fifth age-group (4 +) consisted of 4-and 5-year-old fish and the sixth age-group (5 +) of 6-year and older fish. The grouping of ages was found to be necessary due to the scarcity of older fish in the host population examined. The ages of the fish were determined by counting the number of checks on the scales and was based on the assumption that check formation occurs annually and is limited to a short and specific period of the year (Anderson 1971) . The birthday of all fish was taken to be 1 June.
The numbers and positions of the Caryophyllaeus laticeps found in the host guts were recorded. All specimens found were removed from the gut wall, relaxed in cold water and fixed in cold neutral formol saline. The worms were stained in Gowers carmine, dehydrated in ethyl alcohol and cleared in methyl benzoate. Four stages of maturity were recognized from the stained preparations: (1) immature worms with primordial germinal cell mass present, but gonads and associated structures not distinct; (2) maturing worms with gonads and associated structures becoming distinct but vitellaria not developed; (3) mature worms with distinct gonads and associated structures, and fully developed vitellaria; and (4) gravid worms with eggs present in the uterus.
Tubificids were sampled bimonthly throughout the year at four stations in the gravel pit. Samples of mud were taken at these points with an Ekman dredge and transported to the laboratory where ten sub-samples of 50 cc of mud were taken as the standard sampling unit. The number of tubificids in each sub-sample was recorded and each individual examined for the presence of larval C. laticeps. The infected tubificids and larval parasites were counted and the latter were dissected from the host, relaxed, fixed and stained as described previously.
Extensive sampling (123 sub-samples) in April 1969 examined the spatial distribution of both infected and uninfected tubificids. The sampled oligochaetes consisted of a number of different species; however, the majority belonged to the genus Tubifex. Because of difficulties with identification of oligochaetes, different species were not distinguished. This is regarded as acceptable since in laboratory feeding experiments it was found that bream do not discriminate between tubificid species.
RESULTS

Statistical distribution of parasite counts
When considering host-parasite relationships, the host provides a convenient spatial sampling unit, counts being made of the number of parasites per host. The fitting of these counts to a theoretical distribution model may provide information about the biology of the host and parasites concerned, although statistical distributions such as the negative binomial can be generated by a number of different biological mechanisms ( In each monthly sample the negative binomial distribution proved to be the best empirical model and provided the best fits to the data (Table 1 ). The goodness-of-fit of this distribution was confirmed by using two tests (Anscombe 1950 ) based on the differences between actual and expected moments. The statistic U represents the difference for the second moment and the statistic T the difference for the third moment. The differences are divided by the standard errors of the respective moments and treated as normal deviates (Table 1 (Table 1) .
Because samples were small (five fish) it was not possible to test the goodness-of-fit of the negative binomial distribution within each age-group of the host population for each monthly sample. However, in the case of a sample of thirty 3 + fish collected in March 1969, the negative binomial distribution provided a good empirical model (d.f. = 8; P(%2 = 8.83)>0 30). It therefore seems improbable that the observed negative binomial distribution of parasite counts in the monthly samples is generated from the compounding of several heterogeneous Poisson distributions of parasite counts in each age-group of hosts.
The immature Caryophyllaeus laticeps sampled represented the new arrivals or immigrants into the adult parasite populations in the fish hosts. The counts of immature worms per host were also fitted to a variety of discrete distributions and again the negative binomial proved to be the best empirical model for the monthly samples (Table 2) The negative binomial distribution provided a good model of both the counts of tubificids and infected tubificids per sampling unit of mud (Table 3) . Apparent contagion is often strongly influenced by sampling unit size and thus the counts from the subsamples of mud were combined in groups of two, four, six and eight samples. Contagion was still exhibited for each sample size. The original sampling unit size was chosen so as to bear some relation to the size of the definitive fish host and its feeding behaviour on the bottom of the aquatic habitat. The results of the distribution fits are taken to indicate that a feeding fish will encounter aggregates of both infected and uninfected tubificids.
Since over 9000 of the infected tubificids had single infections of larval C. laticeps, the (Table 4) show a decline in the summer months, possibly due to the adverse effects of warmer water temperatures or to an annual breeding cycle, the old tubificids dying off in the summer months. However, the proportion of infected tubificids in the samples remains fairly stable throughout the year, with a slight decline in the summer months.
Seasonal variation in population size
The mean numbers of parasites per age group of hosts (Table 5) are calculated from the samples of five fish taken from each of the six age-groups for each monthly sample. Running averages of these means (Fig. 2-averaged over three points except for February 1969 and January 1970 which were calculated from two points), illustrate the variation in population size both seasonally and between the different age-groups of hosts. A seasonal periodicity of the population exists in all age groups of hosts except the 0 + group which remain uninfected throughout the year but the phase and amplitude of these cycles differ. Kennedy (1968) has reported a seasonal cycle of population size for C. Parasite population structure The total numbers of parasites in the unit monthly sample of thirty fish were used to examine the population structure of Caryophyllaeus laticeps in the final host due to the low numbers of parasites encountered in the fish and the small samples of fish in each age-group of hosts. The numbers of parasites at various stages of development are listed in Table 6 and the total numbers and the numbers of immature parasites present in each monthly sample are plotted in Fig. 3. C. laticeps at a water temperature of 12? C takes approximately I month to reach maturity in the fish host (Anderson 1971 ). Thus at this temperature immature worms in a specific monthly sample would develop into mature parasites by the time of the next monthly sample. If it is assumed that water temperature does not markedly affect the time taken to reach maturity, then, subject to sampling error, the difference between the By plotting the ratio Nft+ 1Ne against time of sampling (Fig. 4) it can be seen that the survival rate of the parasites decreases markedly during the mid-summer months. It seems unlikely that this is a density-dependent response since the population is decreasing in size at this time of the year. The graph of the ratio N, + 1/INt and mean monthly water temperature (Fig. 5) suggests a relationship between death rate and temperature. A significant tiegative correlation exists between these two variables (d.f. = 1 1, P(r = -0876) <0-001]. This is further illustrated by the graph of immigration at time t (no. of immature worms) and number of parasites lost at time t +1 (Fig. 6) . Two distinct relationships exist, one for the cold months and one for the warm months of the year. 
dNt -)> (t)Nt. (4) dt
In the case of Caryophyllaeus laticeps, from the evidence in Fig. 2 it seems probable that the different age-groups of fish have differing feeding habits which change seasonally. This hypothesis is further confirmed by data obtained from the examination of the gut contents of the sampled fish (Anderson 1971 ). The younger fish, the 1+, 2+ and 3+ fish, fed mainly on planktonic Crustacea except during the spring months when they fed on bottom dwelling organisms such as oligochaetes. This was due to lack of planktonic Crustacea during the winter and spring months, the planktonic bloom occurring in the summer months. All age-groups of fish exhibit a reduction in feeding activity during the cold winter months. The older mature fish did not start feeding intensively until late spring and early summer due to a further reduction of feeding activity during the breeding season. They fed primarily on bottom dwelling invertebrates including tubificids, chironomid larvae and molluscs. The O+ age-group fed mainly on phytoplankton and hence the total absence of C. laticeps in these fish. The patterns of feeding behaviour are thought primarily to be controlled by availability of food organisms and behavioural responses to temperature and day length. Thus there is good reason to suspect that feeding activity will be a seasonal cyclic variable although the amplitude and phase of this cycle may vary for each age group of hosts.
The immigration rate of the infective larval parasites into the adult population will thus be a periodic or cyclic function of time due to the feeding behaviour of the fish hosts. A stochastic treatment of this parameter would be more realistic to represent chance variations in feeding habits between individual fish within an age-group of the population. The distribution of the immature parasites provides some information for this type of approach.
The death rate of the adult parasites is correlated with water temperature and it is likely that a mechanism suggested by Kennedy & Walker (1969), a temperature-dependent immune response by the fish host, controls this parameter. Since water temperature fluctuates seasonally, the death rate can be represented as a periodic function of time.
The model represented in eqn (3) is thus the appropriate formulation for the adult population of C. laticeps, its seasonal nature resulting from the combined influence of periodic immigration and death rates. In an equation of this type, unless the death rate is extremely severe, then immigration will have the stronger influence on population size.
Eqn ( This type of deterministic immigration-death model describes solely the adult parasite population in a single host (compartment (1) in Fig. 1 ) and also ignores the parasite birth process, the production of eggs. The model can be made more realistic by treating the immigration rate A(t) as a random variable and thus extending the immigration death process to describe the probability of observing a given adult parasite population in any fish in the host population. This necessitates a stochastic formulation of the immigration death model for which the parameters A(t) and 1u(t) have to be calculated from the data. This involves a number of estimation problems and a stochastic treatment of this model and the comparison of observed and predicted results will be described in a further publication.
DISCUSSION
The distribution of the counts of parasites per host was adequately described empirically by the negative binomial model. This further supports the evidence that helminth parasites of any one species are rarely randomly distributed within their host population (Fisher 1941 From a knowlege of the life cycle of Caryophyllaeus laticeps and the spatial distribution of the larval parasites, it is possible to suggest two distinct generating processes which could lead to the observed distribution of parasite counts. One process assumes random input of immigrants into the fish host while the other assumes contagious input.
Considering contagious input first; if the probability that a single fish of a feeding shoal contacts a clump of infective stages is a random event and independent of events concerning other fish, then once an infected tubificid has been ingested the probability of ingesting other infected tubificids is increased due to the aggregated distribution of the intermediate hosts. Over a period of time this type of situation leads to contagious input of parasites into the fish host. Tallis & Leyton (1969) formulated a stochastic immigration-death process for an adult parasite population assuming age-independent death rates for the ingested parasites. This model gave rise to the negative binomial as an equilibrium distribution of parasite population size. The observed distribution of parasite counts would thus be formed by observations from a number of heterogeneous negative binomial distributions of parasite population size in the different hosts sampled at one instant in time. The heterogeneity would arise due to differing exposures to infection by the different hosts in the population, caused by variability in feeding behaviour.
A simpler and perhaps more realistic approach is to consider the number of immigrants consumed in a small interval of time as a Poisson variate (random process) and assume that these infective contacts are random events independent of events concerning other fish. Characterizing the parasite population size in a host as an immigration-death process, and assuming that the immigration and death rates are both functions of time, leads to the Poisson as an equilibrium distribution of population size. The mean of the Poisson process will vary fronm host to host due to differing immigration rates caused by variability in feeding behaviour. Thus the distribution of a sample of parasite counts will be formed from the compounding of a series of heterogeneous Poisson variates. If the means of these Poisson variates have a gamma distribution then the compounded distribution will be the negative binomial (Feller 1968) .
If one agrees with the philosophy of attempting to keep models simple, then the process involving random input of immigrants is a more manageable approach. However, without detailed experimental evidence concerning the feeding behaviour of the fish and the distribution of encounters with infective stages of C. laticeps it is not possible to discriminate between the above models with the data available.
The data presented in Fig. 2 indicate that the size of the population of C. laticeps undergoes a seasonal cycling or periodicity. This type of pattern, as mentioned previously, has been observed before, not only for C. laticeps but other fish parasites as well. The two main causal factors which have been suggested are the availability of infective larvae influencing immigration and temperature influencing mortalities. Kennedy (1970 Kennedy ( , 1972 suggests that temperature is the controlling factor for many fish helminths, influencing both the death rates of the parasites and also the feeding behaviour of the fish. Davies (1967) has suggested that availability of infective stages is an important factor, temperature influencing the maturation of the adult parasite and thus the release of eggs into the habitat to recycle the infection. It seems probable, however, that the precise nature and timing of the mechanisms producing a seasonal cycle in population size will differ not only for each species of fish helminth but also for different habitats and each system should thus be examined separately.
The parasite birth process seems to be a seasonal parameter (Table 6 ) but maximum egg production by the parasite occurred at a time of minimum population size. Such a cyclic mechanism may prevent the production of a large number of larval parasites and thus prevent over-infection of the fish hosts. Crofton (1971) put forward the hypothesis that all parasites are lethal to their hosts if present in large enough numbers. In the case of C. laticeps, although no evidence is available, it seems likely that large numbers of the parasite will be lethal to a fish host, even if this operates by lowering the resistance of the host to adverse environmental conditions or other disease organisms. The maturation cycle may prevent too many hosts from gaining large infections and thus ensure the stability of the system. Crofton (1971) also suggests that overdispersion of parasites within the host population is likely to produce stability in a host-parasite relationship. Large numbers of hosts will contain few parasites, while a few hosts will harbour heavy infections. It is these few hosts that will suffer most from the parasite infection and their death would result in a large number of parasites being removed from the system. These two factors, overdispersion and maturation cycle, in addition to periodicity in immigration and death rates seem to enhance the chances of the host-parasite system maintaining some form of equilibrium. However, in a situation where seasonal periodicity exists with the population alternately rising and falling, then stochastic elements may be important in describing such a process since during periods of low numbers the chance of extinction of the adult parasite population may be large. Extinction may only be temporary due to the longevity of the larval C. laticeps in the tubificid intermediate hosts. A complete stochastic or deterministic formulation for the population processes involved in this life cycle would be very complex and it is thus felt that a simplified approach based on the compartments (Fig. 1) 
